A simple, low-cost yet efficient polarization sensing system, capable of determining the polarization state of a self-oscillating circularly-polarized active integrated antenna (CPAIA), is proposed and demonstrated. The newly developed sensing system is capable of retrieving the phase difference information between the orthogonal field components of a CPAIA without the need of a common synchronous reference signal as that in a conventional pattern measuring system. The two orthogonal electrical fields are captured and mixed to retrieve the relative phase difference information as dc voltages. As a proof of concept, the polarization sensing system has been successfully developed on a printed circuit board, while a typical passive circularly-polarized antenna and a self-oscillating CPAIA were fabricated as a pair of antennas under test (AUTs). On one hand, the passive AUT characterized by the sensing system was supported by data from a commercial measuring setup to validating the accuracy of the newly developed system. On the other hand, the proposed sensing system is believed to be the first demonstration dedicated to retrieving the polarization information of a self-oscillating CPAIA, and hence pave a new way to fully characterize this special sort of active antennas.
I. INTRODUCTION
Self-oscillating active integrated antennas (AIAs), capable of converting dc power to electromagnetic waves for direct radiation to space, have found commercial and military applications. They can serve as a low-cost continuouswave (CW) source for wireless power transfer (WPT) and wireless charging applications, as well as for multicarrier radio frequency identification (RFID) systems [1] - [3] . In the literature [4] - [11] , great efforts to developing high performance self-oscillating AIAs with good efficiency and agility have been reported. In WPT applications, to avoid polarization mismatch between the transmitting AIA and receiving device under charging, a self-oscillating AIA with circular polarization would be highly desirable in real scenarios. In this regard, developing self-oscillating circularly-polarized The associate editor coordinating the review of this manuscript and approving it for publication was Giorgio Montisci . AIAs (CPAIAs) should have been a popular topic under intensive investigation.
Nevertheless, a careful literature survey reveals that there are just few studies on CPAIAs [12] - [14] , dramatically against the anticipation. The most probable reason to explain this contradiction is the lack of a simple and low-cost measuring system for properly validating the CP performance, particularly the axial ratio (AR), of a self-oscillating AIA. A conventional passive antenna can be fully characterized by a typical measuring system in terms of the near-field, farfield or compact-range arrangement [15] . Regardless of the technique, the antenna under test (AUT) and the standard probe antenna are connected to a common vector network analyzer (VNA) with a shared reference signal, allowing the system to capture complex transmission coefficients (S 21 ) for antenna characterization. On the contrary, this operation is not applicable when measuring a self-oscillating antenna. An oscillating AIA operates as an external and stand-alone transmitting source, which is not synchronized to the VNA of the measuring system; this scenario makes the VNA function identical to a scalar network analyzer capable of only probing the magnitude of transmission coefficients (|S 21 |) without any phase information.
In general, the measurement of a self-oscillating AIA is completed by setting the AIA as an external source at the transmitting side, while a standard antenna is connected to a spectrum analyzer at the receiving end to capture the oscillating frequency as well as radiated power from the AIA. The radiation pattern of the AIA can be reconstructed by its equivalent isotropic radiated power (EIRP) using the Friis formula as reported in [4] - [7] . Since the signal radiated by the AIA is uncorrelated with the internal reference signal of the spectrum analyzer, the phase information cannot be retrieved. This difficulty leaves a gap in measuring the axial ratio of a CPAIA, where both amplitude and phase information between the orthogonal components are required. Consequently, the CPAIA was rarely discussed, and its CP performance was either validated based on passive radiator only [12] or simply utilizing the theoretical model for a rough estimation [13] - [14] without direct measurement.
To retrieve the phase information without the need of a common synchronous reference signal, the interferometry technique [16] - [18] could be a potential solution. The measuring systems in [16] - [17] utilized two probe antennas scanning simultaneously in the near-field. By using six-port interferometers, the probed signals are linearly summed as I/Q combinations, which are then applied to evaluate the near-field phase values [18] . The final phase information is retrieved by performing complicated near-field/far-field transformation. Meanwhile, the polarimetric demodulator in [19] still requires an additional local oscillator (LO) to make the received signals from the two orthogonal components synchronized to each other. In addition, it cannot recover I/Q components when the incoming wave is circularly polarized [19] . To the best of our knowledge, there is no particular measuring system dedicated to directly characterize the axial ratio, and hence the full polarization state, of a CPAIA.
To fill up the long-existing gap, for the first time, we propose a simple and low-cost polarization sensing system capable of determining the polarization state of an arbitrary self-oscillating AIA in the far-field region. The system is especially useful when evaluating the CP performance of an oscillating antenna. The key building blocks are the amplitude and phase detecting modules. While the amplitude detecting module is made by standard power detectors, the innovative phase detecting module utilizes the concept of signal mixing to retrieve the phase information [20] . With the amplitude and phase information specified, the axial ratio, as well as a full characterization of the polarization of an oscillating AUT, can be uniquely determined without the need of a synchronous reference signal. It complements current commercial measuring systems when characterizing active antennas.
The rest of the paper starts with the architecture and operating principle of the proposed polarization sensing system. The design and experimental verification of each individual module will be introduced in Section III. The system integration and experimental validation, including a comparison between the captured polarization states of AUTs by both commercial and proposed systems, are given in Section IV. Discussions on the system sensitivity as well as potential automation are given at the end of this paper. 
II. SYSTEM ARCHITECTURE A. BASIC PRINCIPLE
The polarization of an arbitrary antenna, in transmitting mode, can be generally presented by elliptical polarization in Fig. 1 . Assuming a plane wave traveling out of the page (z-direction), the x-and y-directed electrical field components, at a given z-plane (i.e. z = 0), are expressed as [15] 
where A i and θ i are the amplitude and phase of electrical field component in i-direction (i = x, y), respectively. The value of δ(0 ≤ δ ≤ 2π) represents the phase difference between the field components; the amplitude ratio is defined as [15] tan(γ ) = A y A x and 0 ≤ γ ≤ π/2.
The polarization of an antenna can be fully characterized by γ and δ; or alternatively, by the AR and tilt angle τ with respect to the x-axis (0 ≤ τ ≤ π) [15] . Using the Poincaré Sphere, the transformations between the parameters are
tan (2τ ) = tan (2γ ) cos (δ) . The operating principle is explained as follows. The electromagnetic waves emitted by a self-oscillating AIA is first captured by the dual-polarized antenna, followed by an amplification using the LNAs with a power gain of G a . To detect the amplitude ratio, a small portion of the amplified signals are coupled into power detectors via the looselycoupled directional couplers (coupling level around 20 dB). The dc outputs of the power detectors are linked to the amplitude ratio tan(γ ) as
log
A y A x = 20 log (tan (γ ))
V Ai (unit: V) is the detected dc voltage associated with the amplitude of the electrical field in i-direction (i = x, y); ζ (unit: V/dB) is the output sensitivity of the power detector, and k denotes the coupling coefficient of the directional coupler.
The second piece to characterize the polarization is the phase difference δ (δ = E y -E x ). Note that since the signal paths of horizontal and vertical fields are identical prior to entering the phase detecting module (as shown in Fig. 2 ), the phase difference δ is kept unchanged and the common phase delay can be ignored in the following equations for simplicity. The signals E x1 and E y1 at the outputs of the Wilkinson power dividers ( Fig. 2 ) are represented as
where θ y = θ x +δ. The output signals E x1 and E y1 serve as the RF and LO signals of the first mixer, respectively, and are directly mixed so that the IF signal S 1 is [20]
cos 2ω 0 t +θ x +θ y +cos(δ) . G m represents for the conversion gain (or loss) of the mixer. After passing S 1 through a low pass filter (LPF) to filter out the unwanted second harmonic term, the output voltage (V P1 ) is a cosine function of δ. Since the value range of δ is [0, 2π ], an additional value, i.e. the sine function of δ, is required to uniquely determine its value. This additional information can be easily retrieved by performing another mixing step in which either the signal E x1 or E y1 is delayed by 90 • using a phase shifter. Here, the delay term is added to the x-component signal path (as shown in Fig. 2 ). This extra pair of signals (E x2 and E y2 ) is mixed by the second mixer and the output IF signal S 2 is [20]
After passing through an LPF, the output voltage (V P2 ) at the IF port of the second mixer is the sine function of δ. Assuming the low pass filters have negligible loss at zero frequency, the phase difference δ can be uniquely determined by tan(δ) in (8) along with the signs of V P1 (i.e. cos(δ)) and V P2 (i.e. −sin(δ))
Equations (4) and (8) provide a unique set of (γ , δ) to characterize the polarization state of the receiving electrical field. The transformation from (γ , δ) to (AR, τ ) can be easily achieved by (3), as well.
III. DESIGNS OF DETECTING MODULES
The polarization sensing system was developed on a 0.508-mm RO4003C substrate (ε r = 3.55 and tanδ = 0.0027). The center frequency is selected as 0.9 GHz aiming at covering the ultra-high frequency (UHF) RFID band. In this section, the designs of amplitude and phase detecting modules, as well as auxiliary components, will be detailed along with their electrical responses prior to the final integration.
A. AMPLITUDE DETECTING MODULE
The key function of the amplitude detecting module is to obtain the amplitude ratio tan(γ ) of the two orthogonal field components (A x and A y ) without altering their phase difference δ. As planned in the schematic in Fig. 2 , a pair of power detectors LT5534 from Linear Technology Inc. was used to detect the amplitude of received fields [21] . For the selected power detector at 0.9 GHz, Fig. 3 presents the relationship between the measured output voltage V A (in V) versus input power (in dBm). Under a bias voltage of 5V, the measured output sensitivity ζ is obtained as 41.2 (mV/dB) in the linear operating region (−50 dBm to −10 dBm). Note that Fig. 3 can be used not only to calculate the amplitude ratio tan(γ ) in the linear region by using (4) , but also to determine the associated absolute amplitude of each field component, which is especially useful when calibrating out the phase variation of the phase detecting module under high power injection, as will be discussed at the end of Section III-B. The other key component in the amplitude detecting module is the 20-dB directional coupler, developed based on the topology in [22] . A pair of shunt inductors attached to the middle of coupled lines significantly improves the directivity. The measured S-parameters of the coupler at 0.9 GHz are read as |S 11 | = −28.6 dB, |S 21 | = −0.87 dB, |S 31 | = −22.2 dB, and |S 41 | = −45 dB. The measured directivity is kept higher than 16 dB over the frequency band from 0.8 to 1 GHz.
B. PHASE DETECTING MODULE
The phase detecting module, able to retrieve the phase difference δ between E x and E y , is the core building block of the sensing system. Among the components fulfilling the module, the design of mixers needs special treatment. Different from its conventional counterparts, here, the received signals from the orthogonal components are split and re-mixed, suggesting that their frequencies are the same with 0-Hz IF as the output. Besides, the amplitude of RF and LO signals could be in the same order if the incoming wave is close to circular polarization, while in a common mixer, the RF signal is much weaker than the LO one. Fig. 4(a) shows the experimental setup to verify the mixing operation for phase detection. A doubly balanced mixer from Analog Device (part number: HMC423MS8E) was selected as mixing device [23] . If required, active mixers with VOLUME 7, 2019 conversion gain can be adopted to compensate for the loss of the circuitry, as well. A photo of the fabricated sample is shown in Fig. 4(b) . The bypass capacitor (10 nF) and matching inductor (4.7 nH) both follow the suggestions in the datasheet. At the IF port, a lumped LPF in π-configuration was realized by surface-mount-device (SMD) components. The simulated cut-off frequency, obtained from Keysight ADS, is 0.49 GHz with the attenuation higher than 22 dB from 0.8 to 6.5 GHz.
Referring back to Fig. 4(a) , a signal generator generates a continuous wave which is then split into two paths by a WPD to mimic the two orthogonal field components received from a self-oscillating AIA. They correspond to the RF and LO signals to be injected into the mixer and their phases are manipulated by two tunable phase shifters prior to the mixing process. Here, the phase difference between RF and LO signals is also denoted as δ (δ = θ LO -θ RF ) as it is equivalent to the phase difference between the orthogonal components (i.e. δ = E y -E x ). To control the relative amount of phase shift, the reflection-type phase shifter (RTPS) in [24] was chosen, and its parasitic transmission loss was calibrated out in advance.
Due to the presence of internal capacitor and amplifier in the LO path of the selected mixer [23] , as well as the additional onboard matching inductor, an inherent phase offset between the RF and LO paths always exists. We have experimentally extracted this inherent phase offset at the center frequency of 0.9 GHz as LO -RF ≈ 206 • . Given that the operating frequency is considerably low, a real phase compensation line of 206 • will occupy a large size with high loss.
Alternatively, a cunning way to compensate for the inherent phase offset is to have the transmission line connected to the RF pin intentionally longer than that to the LO pin by 26 • or 23.6 mm at 0.9 GHz, as shown in Fig. 4(b) ; the remaining 180 • phase shift can be taken into account by reversing the sign of the output voltage V P at the IF port. Fig. 4 (c) plots the calculated and measured output dc voltage V P versus the phase difference δ. Here, the operating frequency f 0 = 0.9 GHz and the input power level P RF = P LO = P in = −15 dBm. The output voltage is measured by an oscilloscope Tektronix DPO-3014 with the probe impedance of 1 M . Good agreement between the calculated and measured results is obtained; the output voltage V P is a cosine function of δ as expected. Here, the sign of measured dc voltage has been reversed to account for the aforementioned uncompensated 180 • phase offset. A similar procedure can be repeated for the sine function (a fixed 90 • delay between paths), as well as at other frequencies to obtain a complete set of calibration curves for wideband operation.
The nonlinearity of the mixer is tested in two different aspects. First, the dynamic range is studied. To calculate the conversion loss, the output power is calculated from the output dc voltage and the loaded resistor (1 M ), while the input power is controlled by the signal generator. Inferring from the experiment results, the input 1-dB compression point is read as P 1dBin = 8 dBm, at which the conversion loss is further dropped by 1 dB from its small-signal value. On the other hand, the lowest allowable input power to turn on the mixer is P min = −26 dBm. It suggests that the dynamic range of the phase detecting module is 34 dB, which is just barely acceptable. A discussion to further improve the sensitivity of the system will be given at the end of the paper.
The second nonlinear test is the phase variation under large input power, as shown in Fig. 4(d) . Here, the nominal phase difference δ is set to 0 • as a typical exemplum. When the power level of the RF as well as LO signal is higher than −15 dBm, the extracted phase difference from the dc output starts to deviate from its ideal value (i.e. 0 • ); it reaches −18 • at the upper bound of the dynamic range, the P 1dBin point. This non-ideal phase shift due to high power injection, fortunately, can be easily calibrated out using the design curves in Fig. 4(d) along with the absolute amplitude level extracted by the amplitude detecting module as depicted in Fig. 3 .
C. MISCELLANEOUS
Referring back to Fig. 2 , apart from the core components, the sensing system requires a dual-polarized antenna to capture the field components radiated by self-oscillating AIA, a pair of LNA to amplify the received signal, a pair of WPD for equally splitting the received signal, and a 90 • phase shifter for retrieving the sine function of δ. These miscellaneous components will be briefly introduced in this subsection.
While the WPD is a standard one already featuring wideband operation, the 90 • phase shifter, for wideband purpose, is developed based on the Schiffman phase shifter using double coupled-line sections to avoid fabrication limitation [25] . The layout and electrical responses are illustrated in Fig. 5 . The coupled lines are bent to fit into space in final integration. From 0.7 to 1.1 GHz, the measured insertion loss is around 0.5 dB with the amplitude imbalance less than 0.2 dB; the phase difference is obtained as 90 • ± 3 • . Fig. 6 shows the layout of the dual-polarized H-shaped slot-coupled patch antenna, serving as the receiving antenna of the system [26] . It was fabricated using two substrates with an air gap (h = 20 mm) separated in-between. The H-shaped slot is etched on the ground plane to couple energy from the microstrip feed line to the patch radiator. The antenna dimensions are optimized to cover the full UHF RFID band, and listed in the caption of Fig. 6 . The simulated and measured S-parameters of the dual-polarized patch antenna are illustrated in Fig. 7(a) . The measured reflection coefficients (|S 11 | and |S 22 |) are better than −10 dB over the bandwidth from 0.865 to 0.985 GHz with the isolation between two ports better than 18.7 dB. Fig. 7(b) plots the radiation patterns at 0.9 GHz when port 1 is excited. The measured antenna peak gain is 7.5 dBi, and kept higher than 6 dBi over the band of interest. The front-to-back (F/B) ratio of 11 dB; the half-power beamwidths (HPBWs) in xz-and yz-plane are 82 • and 66 • , respectively. Similar responses were obtained when port 2 excited, which is not shown here for simplicity. Note that here, the H-shaped slot-coupled patch antenna was selected just for the sake of simplicity; various types of wideband, low-profile dual-polarized antennas with high port-toport isolation can be applied without loss of generality. Finally, the low-noise amplifier is from Avago Technology (part number: MGA-665P8) [27] . The LNA has good input and output matching with the measured power gain better than 22 dB and noise figure lower than 2.1 dB over a wide bandwidth from 0.7 to 1.1 GHz. The output P 1dB is 10 dBm, which suggests a maximum input power of the LNA as −11 dBm.
IV. SYSTEM INTEGRATION AND EXPERIMENTAL VALIDATION A. SYSTEM INTEGRATION
By integrating all components together, the proposed polarization sensing system was realized, and a photo of the fabricated sample is shown in Fig. 8 . The overall size is 200 × 200 × 26 mm 3 , which is exactly the same size of the dual-polarized receiving antenna in Fig. 7 . The integration is straightforward and all circuit components are placed at the bottommost layer to share the same ground plane with the receiving antenna. During validation, the x-and y-components of the receiving field serve as the RF and LO signals of the mixers, respectively. To avoid a direct coupling from the receiving antenna to other circuitry, all components are arranged away from the H-shaped slots. The validation starts from retrieving the polarization state of a well-defined passive antenna, along with a comparison with the measured data from a commercial measuring system; it follows by determining the polarization of a real CPAIA whose data is not retrievable from conventional measuring system. 
B. VALIDATION OF THE POLARIZATION SENSING SYSTEM
To validate the design concept, a left-handed circularly polarized (LHCP) slot antenna [28] is developed as the passive AUT, and its CP characteristics are examined by both a commercial spherical near-field measurement system from Near Field Inc. (NSI) and the proposed simple sensing system. The AUT was fabricated on 1-mm FR4 substrates (ε r = 4.4 and tanδ = 0.02) and the layout is depicted in Fig. 9(a) . Fig. 9(b) plots the simulated and measured radiation patterns of the testing antenna. Good agreement between the results is obtained. The measured AR, at the center frequency of 0.9 GHz using the commercial system, is 1.56 dB. Fig. 10 illustrates the measurement setup for validating the CP characteristics of the AUT using the proposed sensing system. The measurement was performed in an anechoic chamber with the distance between the proposed system and AUT satisfying the far-field condition as d = 3.5 m. The passive AUT was placed on a turntable and fed by a CW from a signal generator to mimic the operation of a self-oscillating CPAIA. The polarization sensing system, meanwhile, served as the receiver to capture the radiated field for sensing the polarization state. The dc power supplies were properly shielded by absorbers to reduce parasitic scattering effects. Fig. 11(a) compares the simulated and measured ARs versus frequency at the broadside direction of the passive AUT. When evaluated by the proposed system, the signal generator delivered a CW whose frequency was swept from 0.8 to 1 GHz with a 0.02-GHz step. The measured results were obtained from the output dc voltages (V Ax , V Ay , V P1 , V P2 ) and extracted by (3), (4), and (8) . The inherent phase offset between RF and LO paths of the mixer, as well as the calibration curve for wideband operation, has been taken into account to retrieve the actual AR information. Meanwhile, the simulation was performed by the ANSYS HFSS and the other measured set was obtained by the commercial NSI measuring system. Very good agreement between the results is observed. The measured 3-dB AR bandwidth at broadside direction, retrieved from the proposed system, is approximately from 0.88 GHz to 0.927 GHz, very close to that obtained by the NSI system and HFSS simulation (0.884 GHz to 0.93 GHz). The polarization sensing capability of the proposed system is clearly verified. Fig. 11(b) and (c) further illustrates the simulated and measured ARs of the AUT at 0.9 GHz in two principle cuts (xz-and yz-plane). A fairly good agreement between the simulated and measured results is observed. On one hand, according to Fig. 11(b) , the 3-dB AR beamwidth of the AUT in thexz-plane, obtained by the proposed system, is read as 70 • (from −12 • to 58 • ), very close to the simulated (−12 • to 56 • by HFSS) and measured (−11 • to 65 • by NSI) ones. On the other hand, from Fig. 11(c) , there is a slight discrepancy between the simulated and measured ARs in the yz-plane when −90 • < θ < −30 • . The discrepancy can be attributed to the accumulated errors during the fabrication, as both measuring methods resulting in a similar trend. The measured 3-dB AR beamwidth is read as 80 • (from −35 • to 45 • ). According to Fig. 11 , the proposed CP sensing system is able to provide accurate results comparable to those obtained by the commercial NSI near-field system. In order to verify the robustness of the proposed system, Fig. 12 further shows another testing scenario with the passive AUT rotated clockwise (defined by the plane wave traveling out of the page), and the measurement was performed every 90 • to obtain the CP characteristics of the AUT at broadside direction. The frequency was also set as 0.9 GHz for demonstration. Since the AUT is a CP antenna, it is expected to have similar polarization characteristics at broadside direction other than a variation of the tilted angle τ . Measured results of the four rotated cases (A, B, C, and D) are summarized in Table 1 . Despite the rotation, the vertical and horizontal components of the receiving field are similar in amplitude (i.e. tan γ ≈ 1) and their phase difference δ = E y -E x is kept approximately equal to +90 • , sustaining the LHCP operation of the AUT as anticipated. The measured ARs in all cases are below 1.09 dB. The difference in tilted angle τ between cases (A and B) and (C and D) is not exactly 90 • , which can be explained by the misalignment error during rotation. From Table 1 , the robustness of the proposed system is clarified.
The CP characteristics of the passive AUT are also validated by the proposed system in a multipath-rich environment as shown in Fig. 13(a) . The distance between the transmitter (AUT) and receiver (proposed polarization sensing system) Table 1 (case C), the measured AR is slightly larger and the τ angle is further tilted than the one obtained inside the anechoic chamber. It is reasonable due to the constructive/destructive multipath reflections as well as external interference such as the LTE signals. The contours of received electrical fields over a period, inside and outside the anechoic chamber, are reconstructed and compared in Fig. 13(b) using MATLAB software to explicitly unveil the polarization. The two data sets are almost overlapped with each other. The portability of the proposed system is hence successfully demonstrated. 
C. POLARIZATION VALIDATION OF CPAIA
The final demonstration is to characterize the polarization of a real CPAIA. Here, the oscillating AUT was developed and in-house fabricated by our group [29] . It is a simple combination of a cross-coupled pair [30] - [31] and a slot-loop antenna. For fulfilling CP operation, the oscillation power of the cross-coupled pair is extracted and fed into the slot-loop antenna by two microstrip lines arranged in spatial and phase quadrature. The design details can be found in [29] and will not be repeated here for simplicity. The layout and a photo of the fabricated sample are shown in Fig. 14(a) . Fig. 14(b) and (c) plots the simulated and measured ARs of the CPAIA in two principle cuts at the oscillating frequency (920 MHz). Very good agreement between the simulated and measured results can be observed. The 3-dB AR beamwidths in xz-and yz-planes are 80 • and 75 • , respectively. At the broadside direction, the measured phase difference δ is 80 • and the amplitude ratio tan(γ ) is 0.983, indicating nearly perfect LHCP operation of the oscillating AUT. In addition, using the proposed sensing system, RHCP operation can be detected from the other side of the CPAIA, as well. The only difference is that the phase difference δ is close to −90 • rather than +90 • . The results provide further evidence on the successful implementation of the polarization sensing system. The new sensing system provides a complement of existing commercial antenna measuring systems when a common synchronous reference signal does not exist, and to our knowledge, it is also the only system capable of characterizing CPAIAs ever reported.
Last but not least, the proposed sensing system is capable of probing the polarization of any passive or active antenna with linear or elliptical polarization. The presented AUTs are just selected cases without loss of generality.
D. DISCUSSIONS
The dynamic range of the mixer has already been determined as 34 dB from −26 to 8 dBm, which suggests the input power of the phase detecting module (or the output power of LNA), should be from −23 to 11 dBm if the loss of directional couplers is negligible. Taking into account the power gain of LNAs, the minimum and maximum received power levels at the antenna terminal, for each field component (either x-or y-direction), is −45 dBm and −11 dBm respectively, also suggesting a dynamic range of 34 dB. The linear operating regions of the LNA and power detector fall into the same range, as well.
The minimum allowable received power level, −45 dBm, is still quite away from standard sensitivity in modern measuring systems. To further improve the sensitivity, a variable gain amplifier (VGA) [32] - [33] together with feedback loop control should be adopted to adaptively adjust the received power level at the amplifier output in order to meet the operating power range of the sensing system, which is limited by the mixer and power detector. In this sense, the equivalent dynamic range of the sensing system can be significantly improved. Also, an automated measuring system, by integrating the proposed polarization sensing module with spectrum sensing technique [34] and a microcontroller, can be developed to make the measurement of an arbitrary oscillating AIA fully automatic.
V. CONCLUSION
In this paper, a low-cost polarization sensing system, mainly developed for retrieving the polarization characteristics of CPAIAs in far-field region, has been proposed and experimentally demonstrated. Without the need of a synchronous reference signal between the transmitting and receiving units, the sensing system is capable of converting the phase difference between the received vertical and horizontal field components into a dc voltage, which can be readily measured by a voltmeter or oscilloscope. This innovation fills up a long-existing gap in developing CPAIA due to the lack of a proper measuring system to validate its polarization characteristics. Two sample antennas, one passive CP antenna and a newly developed self-oscillating CPAIA, were fabricated to experimentally verify the excellent sensing capability of the proposed system. The concept is brand new and can be further improved by extending its dynamic range using a VGA with feedback loop control. The blooming of CPAIA designs would be anticipated since the experimental validation will no longer be a bottleneck after the invention of this low-cost polarization sensing system. 
